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$EVWUDFW²:LWK WKH KHOS RI LPPHUVLRQ OLWKRJUDSK\ DQG
PXOWLSOH SDWWHUQLQJ SKRWROLWKRJUDSK\ KDV EHHQ WKH NH\
WHFKQRORJ\ RYHU WKH ODVW GHFDGH LQ PDQXIDFWXULQJ RI ,&V
PLFURFKLSVDQG0(06GHYLFHV&RQWLQXRXVUDSLGVKULQNLQJ
RI IHDWXUH VL]H PDGH WKH DXWKRULWLHV WR VHHN DOWHUQDWLYH
SDWWHUQLQJPHWKRGVWKDWFDQJREH\RQGFODVVLFSKRWRJUDSKLF
OLPLWV 6RPH SURPLVLQJ WHFKQLTXHV KDYH EHHQ SURSRVHG DV
QH[W JHQHUDWLRQ OLWKRJUDSK\ DQG IXUWKHU WHFKQRORJLFDO
SURJUHVVDUHUHTXLUHGWRPDNHWKHPVLJQLILFDQWDQGUHOLDEOH
WR PHHW WKH FXUUHQW GHPDQG (89/ LV FRQVLGHUHG DV WKH
PDLQFDQGLGDWHIRUVXEQPPDQXIDFWXULQJEHFDXVHRILWV
SURFHVV VLPSOLFLW\DQGUHGXFHGRSHUDWLQJFRVW5HPDUNDEOH




EHHQ UHDOL]HG LQ ODE DQG IXUWKHU HIIRUW ZLOO EH QHHGHG WR
PDNHLWDV1*/VROXWLRQ1,/KDVHPHUJHGDWWUDFWLYHO\GXH
WRLWVVLPSOHSURFHVVVWHSVKLJKWKURXJKSXWKLJKUHVROXWLRQ





3KRWROLWKRJUDSK\ KDV EHHQ WKH GRPLQDQW PHWKRG RI
SDWWHUQLQJ QDQRVFDOH IHDWXUHV IRU WKH PLFURHOHFWURQLFV
LQGXVWULHVVLQFHWKHFRPPHQFHPHQWRIWKH,&V5HVROXWLRQ
(QKDQFHPHQW7HFKQRORJLHV5(7DQG,PPHUVLRQPHWKRG
HQDEOH WKH SKRWROLWKRJUDSK\ ZLWK SDWWHUQLQJ EH\RQG LWV
LQWULQVLFUHVROXWLRQOLPLW5(7LPSURYHV WKHTXDOLW\RIDQ
LPDJH ,W JHQHUDOO\ LQFOXGHV SKDVH VKLIW PDVN RSWLFDO
SUR[LPLW\ FRUUHFWLRQ 23& PRGLILHG RU RIID[LV
LOOXPLQDWLRQ 2$, DQG PXOWLSOH SDWWHUQLQJ $OWKRXJK
WKH\ KDYH H[WHQGHG WKH FDSDELOLW\ RI WKH OLWKRJUDSK\
SURFHVV WKHVH PHWKRGV H[SHULHQFH VRPH UHVWULFWLRQV WRR
3KDVH VKLIW PHWKRG KDV VRPH OLPLWDWLRQV RQ
LPSOHPHQWDWLRQ RI PDVN GXH WR SKDVH WHUPLQDWLRQ
SUREOHPV DQG PDVN IDEULFDWLRQ GLIILFXOWLHV 7KH 23&
WHFKQLTXH LQWURGXFHV OD\RXW UHVWULFWLRQV DQG SURKLELWLYH
FRVWV WR PDNH WKH FRUUHFWHG PDVNV ZKLOH 2$, SUHVHQWV
FRPSOH[LW\WRWKHLOOXPLQDWLRQVRXUFHLQWKHZDIHUVWHSSHU
DQGWRWKHPDVNGHVLJQ
0XOWLSOH SDWWHUQLQJ LV WKH PDLQ WHFKQLTXH IRU FXUUHQW
VXEQPYROXPHPDQXIDFWXULQJZKLFKHQDEOHVWRSULQW
WKH SDWWHUQV WKDW DUH VPDOOHU WKDQ WKH VLQJOH H[SRVXUH
OLWKRJUDSKLFUHVROXWLRQOLPLWXVLQJPXOWLSOHSURFHVVVWHSV
7KHUH DUH PDQ\ GLIIHUHQW WHFKQLTXHV WR LPSOHPHQW
PXOWLSOHSDWWHUQLQJLQFOXGLQJOLWKRHWFKOLWKRHWFK/(/(
VHOIDOLJQHG GRXEOH SDWWHUQLQJ 6$'3 DQG VHOIDOLJQHG
TXDGUXSOH SDWWHUQLQJ 6$43 +RZHYHU PRUH DQG PRUH
PDVNVZLOOEHUHTXLUHGIRUILQHUSURFHVVQRGHVUHVXOWLQJLQ
SURKLELWLYHO\H[SHQVLYHPDQXIDFWXULQJFRVWDQGLWUHTXLUHV
PXFK WLJKWHU RYHUOD\ FRQWURO WKDQ VLQJOH SDWWHUQLQJ >@
QPLPPHUVLRQOLWKRJUDSK\LKDVJLYHQLQIOXHQWLDO
ERRVW WR WKH IXUWKHUGHYHORSPHQWRIPLFURHOHFWURQLFVDQG
WKH QP DQG QP QRGHV DUH FXUUHQWO\ PDQXIDFWXUHG
ZLWK PXOWLSDWWHUQLQJ LPPHUVLRQ $U) OLWKRJUDSK\ >@
+RZHYHU WKLV WHFKQLTXH EULQJV HQRUPRXV SURFHVV
FKDOOHQJHVOLNHOHDFKLQJLPPHUVLRQGHIHFWVDQGWKHILOOLQJ
PHWKRGVRIDSXULILHGPHGLXP'HVSLWH WKHFKDOOHQJHV LW
KDV EHHQ WKH PDLQVWUHDP OLWKRJUDSKLF WHFKQLTXH XVHG LQ
PDQXIDFWXULQJLQGXVWULHVVLQFHODVWGHFDGH
$VUHSRUWHGE\WKH,QWHUQDWLRQDO7HFKQRORJ\5RDGPDS
IRU 6HPLFRQGXFWRUV  ,756 WKDW QHZ W\SH RI
ORJLF GHYLFHV *DWHDOODURXQG VWUXFWXUHV KDYH DOUHDG\
EHHQ LQWURGXFHG >@ 7KLV UHSRUW DOVR GHPRQVWUDWHV WKH
GHYHORSPHQWRIPDQ\QHZ W\SHVRIPHPRU\GHYLFHV WKDW
FDQ EH WKH SRVVLEOH DOWHUQDWLYHV LQ WKH IXWXUH +RZHYHU
OLWKRJUDSK\WHFKQLTXHVZLWKVXEQPQRGHVSDWWHUQLQJLV
GHPDQGHGE\WKHLQGXVWU\DQGWKHVHQHZGHYLFHVZLOOSXVK
SDWWHUQLQJ WR PDQXIDFWXUH HYHQ VPDOOHU QDQRVWUXFWXUHV
7KLVUDSLGVKULQNLQJRIIHDWXUHVL]HLQWHQVHO\HQKDQFHVWKH
GHVLJQ FRPSOH[LW\ DQG LQWURGXFHV YDULRXV PDQXIDFWXULQJ
FKDOOHQJHV $V WKH FRQYHQWLRQDO SKRWROLWKRJUDSK\ KDV
DSSURDFKHG LWV XOWLPDWH OLPLWV FRQVLGHUDEOH HIIRUWV KDYH
EHHQ GHYRWHG WR QH[W JHQHUDWLRQ OLWKRJUDSK\ 1*/
WHFKQLTXHVE\YDULRXVUHVHDUFKODERUDWRULHVDQGLQGXVWULHV
DURXQG WKH JOREH 7KLV SDSHU LQWURGXFHV WKH 1*/
WHFKQLTXHV QDPHO\ ([WUHPH 8OWUDYLROHW /LWKRJUDSK\
(89/(OHFWURQ%HDP/LWKRJUDSK\(%/)RFXVHG,RQ
%HDP /LWKRJUDSK\ ),%/ 1DQRLPSULQW /LWKRJUDSK\
1,/ 'LUHFWHG 6HOI $VVHPEO\ '6$ DQG ;5D\
/LWKRJUDSK\ ;5/ 7KH\ KDYH WKH SRWHQWLDO DV WKH
UHSODFHPHQWWRFRQYHQWLRQDOSKRWROLWKRJUDSK\
,, (;75(0(8/75$9,2/(7/,7+2*5$3+<
'XH WR ZDYHOHQJWK OLPLWDWLRQV FXUUHQW DWWHQWLRQV DUH
GLUHFWHG WRZDUG GHYHORSLQJ (89 OLWKRJUDSK\ ,Q WKH ODVW
GHFDGH UHVHDUFKHUV SXW H[WHQVLYH LQWHUHVW LQ (89/ DV D
³QH[W ZDYHOHQJWK´ UHSODFHPHQW IRU QP GHQVH89
OLWKRJUDSK\ >@ (89/ XWLOL]HV  QP SKRWRQV WKDW LV
REWDLQHG W\SLFDOO\ IURP D SODVPD VRXUFH (89 OLJKW LV
WKHQ FROOHFWHG E\ DQ RSWLFDO HOHPHQW FDOOHG D µFROOHFWRU¶
/LJKW IURP WKH FROOHFWRU LV IRFXVHG LQWR WKH LOOXPLQDWLRQ
RSWLFV ZKLFK LV IRUPHG RI PXOWLOD\HUFRDWHG QRUPDO
LQFLGHQFH PLUURUV DV ZHOO DV JUD]LQJ LQFLGHQFH PLUURUV
7KHQLWLOOXPLQDWHVWKH(89PDVN7KHUHIOHFWHGLPDJHRI
WKH(89 PDVN DUULYHV LQWR DSURMHFWLRQRSWLF FRQVLVW RI
VL[ RU PRUH PXOWLOD\HU PLUURUV ZLWK D GHPDJQLILFDWLRQ
)LQDOO\WKHLPDJHLVIRFXVHGRQWRDVXEVWUDWHFRDWHGZLWK
D SKRWRUHVLVW )LJXUH  VKRZV D VFKHPDWLF RI DQ (89/
H[SRVXUHV\VWHP>@











+90 0RVW UHPDUNDEO\ WKHUH KDYH EHHQ VXEVWDQWLDO
GHYHORSPHQWVWRH[SRVXUHWKURXJKSXWUHOLDELOLW\YDULDQFH
FRQWURO DQG SDWWHUQLQJ PDWHULDOV IRU WKH KLJK UHVROXWLRQ
UHTXLUHG >@ &XUUHQWO\ (89/ LV SURMHFWHG WR XVH LQ
PDQXIDFWXULQJDW WKHQPQRGHRUEH\RQG>@$60/D
OHDGLQJ FRPSDQ\ LQYROYHG LQ WKH GHYHORSPHQW RI (89/
WRROV UHYHDOHG WKDW PRUH WKDQ  ZDIHUV KDG EHHQ




LVVXHV IRU PDVV SURGXFWLRQ )RU WKH IXWXUH WHFKQRORJ\ DW
WKHQP QRGHDQGEH\RQG VRXUFHVSRZHUV RI
:DWDUHGXFHGRSHUDWLRQDOFRVWSHUZDIHUPD\EHUHTXLUHG
>@ /DVHU 3URGXFHG 3ODVPD /33 DQG 'LVFKDUJH
3URGXFHG 3ODVPD '33 DUH WZR PDLQ WHFKQLTXHV WR
SURGXFH (89 VRXUFHV >@ +DNDUX 0L]RJXFKL HW DO
UHSRUWHGWKDWPRUHWKDQ:/33(89SRZHUVFRXOGEH
JHQHUDWHG E\ XVLQJ SODVPD JHQHUDWLRQ VFKHPHV >@
$QRWKHU DSSURDFK E\ XVLQJ )(/ IUHHHOHFWURQ ODVHUV
PDQ\ WHQV RI NLORZDWWV SRZHU FDQ EH SURGXFHG >@
0LWVXELVKL HOHFWULF KDV VXFFHVVIXOO\ H[SORUHG D KLJKHU






OLQH HGJH URXJKQHVV /(5 ORZ OLQH ZLGWK URXJKQHVV
/:5 DQG EHWWHU FRQWDFW KROH FULWLFDO GLPHQVLRQ
XQLIRUPLW\ &'8 'HVSLWH VRPH OLPLWDWLRQV FKHPLFDOO\
DPSOLILHG UHVLVWV &$5 KDYH HIIHFWLYHO\ DFKLHYHG WKH
VFDOLQJ UHTXLUHPHQWV RI WKH VHPLFRQGXFWRU LQGXVWU\ >@
6RPH UHVHDUFKHUV KDYH UHSRUWHG WKH GHYHORSPHQW RI WKH
PHWDO FRQWDLQLQJ SKRWRUHVLVW WKDW KDV KLJK VHQVLWLYLW\
SHUIRUPDQFHZKLFKZLOOEHYHU\KHOSIXOIRUWKHORZHQHUJ\
SRZHU VRXUFH WR UHDOL]H (89 OLWKRJUDSK\ >@ 6RPH
RWKHU QHZ WHFKQLTXHV LQFOXGLQJ QDQRSDUWLFOH SKRWRUHVLVWV
ZLWK KLJK VHQVLWLYLW\ KDYH EHHQ UHSRUWHG >@ 6RPH
DSSURDFKHVKDYHEHHQSUHVHQWHGWRDFKLHYHKLJKUHVROXWLRQ
DURXQGKSQP>@/DWHO\DWWKH63,($GYDQFHG
/LWKRJUDSK\ FRQIHUHQFH D JRRG DPRXQW RI SDSHUV ZDV
SUHVHQWHG GHPRQVWUDWLQJ WKH VXEVWDQWLDO UHVHDUFK RQ
3KRWRVHQVLWL]HG &KHPLFDOO\ $PSOLILHG 5HVLVW >@
2YHU WKH ODVW IHZ\HDUV VRPHRUJDQL]DWLRQ OLNH&16(RI
681< 3RO\WHFK DVVRFLDWHG ZLWK 681< 3RO\WHFK
6(0$7(&+ KDYH VXSSRUWHG WKH LQYHVWLJDWLRQ RI (89
UHVLVW PDWHULDOV DQG YDULRXV (89 UHVLVWV HYDOXDWLRQ >
@0DVNEODQNGHIHFWVOLPLWVWKHDSSOLFDELOLW\RI(89/
+RZHYHUH[WHQVLYHUHVHDUFKHVDUHVWLOOQHHGHGWRLPSURYH
PDVN PDWHULDOV IDEULFDWLRQ SURFHVVHV GHIHFW LQVSHFWLRQ
DQG GLVSRVLWLRQ PHWURORJ\ DQG PDVN SURWHFWLRQ 7R
VSHFLI\ SHOOLFOH DQG PDVN LQVSHFWLRQ DUH WZR FULWLFDO
PDWWHUV WR LPSURYH RYHUDOO SURFHVV GHIHFWLYLW\
,PSURYHPHQW RQ (89 SHOOLFOH KDV EHHQ UHSRUWHG LQ
,756 UHSRUW >@ ,Q VXSSRUW RI (89/ URDGPDS
PLFURILHOGH[SRVXUHWRROVQP1$5	'KDYH
EHHQGHYHORSHGE\ =\JR &RUSRUDWLRQ >@ $FFRUGLQJ WR
,756 UHSRUW$60/ LV JRLQJ WRSURGXFHD 1$
(89VFDQQHUZLWKGLIIHUHQWPDJQLILFDWLRQLQERWK[DQG\
GLUHFWLRQV DQG LW FRXOG EH DYDLODEOH WR XVH LQ
PDQXIDFWXULQJLQ>@+RZHYHUWKHDFFRPSOLVKPHQW
RI (89/ DV SDUW RI WKH LQWHJUDWHG SDWWHUQLQJ WHFKQLTXHV
UHPDLQV D FULWLFDO LVVXH DQG WKHUHIRUH WKH ZRUNDELOLW\ RI
(89/DVDSDWWHUQLQJWHFKQLTXHFRQWLQXHVWRDFFHOHUDWH
,,, ;5$</,7+2*5$3+<
;UD\ OLWKRJUDSK\ XWLOL]HV [UD\V ZDYHOHQJWK RI 
QPWRQPXVXDOO\SURGXFHGE\DV\QFKURWURQVRXUFHWR
H[SRVH D UHVLVWFRDWHG VXEVWUDWH ,W XVHV WKH SUR[LPLW\
SULQWLQJ SURFHVV ZKHUH WKH PDVN FRQVLVWV RI D WKLQ
PHPEUDQHDQGDSDWWHUQHGDEVRUEHURQWRSRI LW LV WDNHQ
LQFORVHSUR[LPLW\WRWKHWDUJHWVXEVWUDWH7KH;UD\ZLWK




WKH VXEVWUDWH $ FKHPLFDO VROYHQW LV XVHG WR UHPRYH WKH
GDPDJHG PDWHULDO ZKLFK UHVXOWV LQ D QHJDWLYH UHOLHI
UHSOLFD RI WKH PDVN SDWWHUQ )LQDOO\ WKH SKRWR UHVLVW LV
EHLQJ UHPRYHG WR DFKLHYH WKH GHVLUHG SDWWHUQ 7KH
VFKHPDWLFIRUWKLVWHFKQLTXHLVVKRZQLQ)LJXUH
;5/ KDV VRPH DGYDQWDJHV VXFK DV WKH FDSDELOLW\ RI
SDWWHUQLQJ WR QDQRPHWHU VFDOH PLQLPL]LQJ VFDWWHULQJ DQG
PD[LPL]LQJUHVLVWDEVRUSWLRQDQG LPDJHFRQWUDVW'HVSLWH
WKH KLJKUHVROXWLRQ FDSDELOLWLHV ;5/ WHFKQLTXHV ZHUH
SURYHGXQVXFFHVVIXOWRSURYLGHDQHFRQRPLFDOO\DWWUDFWLYH
OLWKRJUDSKLFSURFHVVGXHWRVRPHGLIILFXOWLHV2QHRIWKHP
ZDV WR ILQG WKH ULJKW FRPELQDWLRQ RI PDWHULDOV DQG
ZDYHOHQJWK:UDSSLQJRIDEVRUEHUPDWHULDOGXHWRLQWHUQDO
VWUHVVHV LV DQ LVVXH WR PLWLJDWH )XUWKHUPRUH WKH PRVW
FULWLFDO SRLQW LV WKH IDLOXUH WR IXUQLVK VXLWDEOH PDVNV DV
WKHVH PDVNV KDG WR EH XQLW\ PDJQLILFDWLRQ DQG WKH
UHTXLUHPHQW RI FUHDWLQJ WKH PDVN IURP DGHTXDWHO\ [UD\
DEVRUELQJ PDWHULDOV $JDLQ WKH UHTXLUHPHQW RI WKLFN






(OHFWURQ EHDP DQG IRFXVHG LRQ EHDP OLWKRJUDSK\ DUH
PDVNOHVVWHFKQLTXHVWKDWDUHZLGHO\XVHGLQQDQRVWUXFWXUH
SDWWHUQLQJDQG ,& IDEULFDWLRQVZLWKXQLTXHDGYDQWDJHVRI
KLJK UHVROXWLRQ KLJK GHQVLW\ KLJK VHQVLWLYLW\ DQG KLJK
UHOLDELOLW\ (%/ XVHV DQ DFFHOHUDWHG HOHFWURQ EHDP WR
GUDPDWLFDOO\ PRGLI\ WKH VROXELOLW\ RI D UHVLVW PDWHULDO
GXULQJDVXEVHTXHQWGHYHORSPHQWVWHS7KHHOHFWURQEHDP
LVIRFXVHGRQWKHUHVLVWDQGWKHQVFDQQHGRQWKHVXUIDFHRI
WKH UHVLVW ZLWK WKH GLDPHWHU DV VPDOO DV D FRXSOH RI
QDQRPHWHUVLQDGRWE\GRWIDVKLRQ7KHQWKHSDWWHUQVFDQ
EH WUDQVIHUUHG WR WKH VXEVWUDWH PDWHULDO E\ HWFKLQJ OLNH
RWKHUOLWKRJUDSKLFPHWKRGV
6LPLODUO\ ),%/ LQYROYHV WKH H[SRVXUH E\ DQ
DFFHOHUDWHGLRQEHDPWRGLUHFWO\KLWDPHWDOOLFILOPRQWKH
VXEVWUDWH :KHQ KLJK VSHHG LRQV KLW WKH VDPSOH VXUIDFH
HQHUJ\LVWUDQVPLWWHGWRDWRPVRQWKHVXUIDFHZKLFKOHDGV
WRILYHSRVVLEOHUHDFWLRQVVSXWWHULQJRIQHXWUDO LRQL]HG
DQG H[FLWHG VXUIDFH DWRPV  HOHFWURQ HPLVVLRQ 
GLVSODFHPHQW RI DWRPV LQ WKH VROLG  HPLVVLRQ RI
SKRWRQV DQG  FKHPLFDO UHDFWLRQV %DVHG RQ WKHVH
SKHQRPHQRQ ),%/ V\VWHPV DUH DOVR HPSOR\HG IRU
GHSRVLWLQJ PDWHULDOV VXFK DV WXQJVWHQ SODWLQXP DQG
FDUERQ YLD LRQ EHDP LQGXFHG GHSRVLWLRQ DQG WKH
LPSODQWDWLRQ WKDWFDQPRGLI\DPDWHULDOVXUIDFH)LJXUH
VKRZVWKHSURFHVVVWHSVRI(%/DQG),%/V\VWHP>@
+RZHYHU ERWK PHWKRGV VXIIHU IURP ORZ WKURXJKSXW
WKDW OLPLWV WKHLU DSSOLFDWLRQV ZLWKLQ UHVHDUFK DQG
PDVNPROG IDEULFDWLRQ 7R LQFUHDVH WKH V\VWHP
WKURXJKSXW PXOWLSOH HEHDP GLUHFW ZULWH 0(%':
OLWKRJUDSK\ FRQFHSWV KDYH EHHQ SXUVXHG ZLWK QDQRPHWHU
UHVROXWLRQXVLQJ!HEHDPVZULWLQJLQSDUDOOHO>@
7R PDNH GLUHFW ZULWH SUDFWLFDEOH IRU ZDIHUV VLJQLILFDQW
GHYHORSPHQWV LQ SURGXFWLYLW\ ZLOO EH UHTXLUHG ,Q UHFHQW
\HDUV VRPH SURJUHVVHV KDYH EHHQ UHSRUWHG LQFOXGLQJ
0$33(5 D N9 UDVWHU ZDIHU ZULWHU ZLWK D VRXUFH
PXOWLSOHOHQVHVDQGPXOWLSOHVSRWVSHUOHQV>@,06
N9UDVWHUPDVNZULWHUVLQJOHVRXUFHPDQ\VSRWVLQVLQJOH





ORJLF QRGHV KDV EHHQ GHPRQVWUDWHG LQ 0DSSHU
/LWKRJUDSK\¶V SXEOLVKHG URDGPDS >@ (OHFWURQ
PLFURVFRSHV HTXLSSHG ZLWK SDWWHUQ JHQHUDWRU PRGXOHV
HQDEOHV QDQRVFDOH SDWWHUQLQJ ZLWKLQ GHVLUHG DUHDV 7KH
1DQRPHWHU3DWWHUQ*HQHUDWLRQ 6\VWHP 13*6 LVRQHRI
WKH SRSXODU 6(0 6FDQQLQJ (OHFWURQ 0LFURVFRSH
OLWKRJUDSK\ V\VWHP ZKLFK SURYLGHV D SRZHUIXO YHUVDWLOH
DQGXVHU IULHQGO\ V\VWHPIRUGRLQJDGYDQFHG(%/RU LRQ
EHDP OLWKRJUDSK\ XVLQJ D FRPPHUFLDO 6(0 6FDQQLQJ
7UDQVPLVVLRQ (OHFWURQ 0LFURVFRSH RU +HOLXP ,RQ
PLFURVFRSH >@ $FFRUGLQJ WR ,756 URDGPDS WKH NH\
FKDOOHQJHV IRU WKHVH PDVNOHVV WHFKQRORJLHV LV WR EXLOG D
SLORW WRRO IRU SDWWHUQLQJ HQWLUH ZDIHUV ZLWK FKLS OLNH
SDWWHUQVDQGRYHUOD\FRQWURO7KHHDUOLHVWLQVHUWLRQRIVXFK
NLQG RI WHFKQRORJ\ LV H[SHFWHG LQ  DQG WKH WDUJHW
ZRXOGEHWKHµQP¶ORJLFQRGH>@
9 1$12,035,17/,7+2*5$3+<
1DQRLPSULQW OLWKRJUDSK\ LV DQ DGYDQFHG
QDQRIDEULFDWLRQPHWKRGWKDWLVFDSDEOHRIKLJKWKURXJKSXW
SDWWHUQLQJRIQDQRVWUXFWXUHVZLWKKLJKUHVROXWLRQGRZQWR
WKH  QP UHJLPH %HFDXVH RI WKH ORZ FRVW UHGXFHG
SURFHVVVWHSVDQGKLJKILGHOLW\1,/EHFDPHDQDWWUDFWLYH
WHFKQLTXH IRU D ZLGH UDQJH RI DSSOLFDWLRQV 1DQRLPSULQW
OLWKRJUDSK\PHWKRGVFDQEHFODVVLILHGLQWRIRXUFDWHJRULHV
WKHUPDO1,/ 891,/ ODVHU DVVLVWHG 1,/ DQG





ZLWK WKH VXEVWUDWH WRJHWKHU XQGHU D FHUWDLQ SUHVVXUH
6XEVHTXHQW KHDWLQJ LV XVHG DERYH WKH SRO\PHU
V JODVV
WUDQVLWLRQSRLQWWRDFKLHYHWKHVRIWHQHGSRO\PHULFILOP,Q
WKH SRVW WKHUPDO FRROLQJ SURFHVV WKH VXEVWUDWH LV FRROHG
GRZQ DQG PROG LV UHPRYHG IURP LW ZKLOH NHHSLQJ WKH
SDWWHUQUHVLVWRQWKHVXEVWUDWH)LQDOO\DQHWFKLQJSURFHVV
LV XVHG WR UHPRYH WKH UHVLVW UHVLGXDO OD\HU <RXQ HW DO
GHVFULEHGDWKHUPDOUROOHU1,/DSSURDFKZKHUHWKHVWDPS
LV FRQQHFWHG ZLWK WZR PRYHDEOH VSULQJV WKURXJK WKH
SXOOHUV >@ 5HSOLFDWLQJ RI XOWUDSUHFLVLRQ PLFURQ VFDOH
VWUXFWXUHV FDQ EH DFKLHYHG ZLWK WKLV WKHUPDO UROOHU
LPSULQWLQJSURFHVVDWWKHVFDQVSHHGRI±PPV
891,/ LV D URRP WHPSHUDWXUH DQG ORZ SUHVVXUH
LPSULQW WHFKQLTXH ZKLFK LQYROYHV FRDWLQJ RI WKH VDPSOH
VXUIDFHZLWKD89FXUDEOHOLTXLGUHVLVW7KHUHVLVWPDWHULDO




PROG LV WRRIIHU WKHSRVVLELOLW\ IRUHDV\RSWLFDODQGKLJK
SUHFLVLRQDOLJQPHQW7KLVEHQHILWLVHPSOR\HGLQVWHSDQG
IODVKLPSULQWOLWKRJUDSK\6),/DQDGYDQFHGYHUVLRQRI
891,/ ZKLFK FDQ QDQRSDWWHUQ WKH ZKROH ZDIHU LQ D
UHGXFHG SURFHVVLQJ WLPH ,Q 6),/ WKH LPSULQW PDWHULDO







WHFKQLTXH WKDW GRHV QRW UHTXLUH HWFKLQJ :LWK WKLV
WHFKQLTXHDVLQJOHH[FLPHUODVHUSXOVHLVH[SRVHGWKURXJK
WKHWUDQVSDUHQWTXDUW]PROGWRPHOWDWKLQVXUIDFHOD\HURI
VLOLFRQ VXEVWUDWH 7KHQ WKH UHVXOWLQJ OLTXLG OD\HU LV
HPERVVHGE\WKHTXDUW]PROG)LQDOO\WKHPROGLVUHOHDVHG
DIWHU WKH VXEVWUDWH KDV FRROHG GRZQ 9DULRXV
QDQRVWUXFWXUHV ZLWK VXE QP UHVROXWLRQ FRXOG EH
LPSULQWHG LQWR VLOLFRQ ZDIHU XVLQJ /$', ZLWK WKH
HPERVVLQJ WLPH EHORZ  QV 7KH FDSDELOLW\ RI KLJK
UHVROXWLRQDQGKLJKVSHHGSDWWHUQLQJPDNHWKH/$',DVD
SURPLVLQJ WHFKQLTXH IRU D YDULHW\ RI DSSOLFDWLRQV DQG LW
FDQ EH H[WHQGHG WR RWKHU PDWHULDOV SRO\VLOLFRQ *H DQG
GLHOHFWULFV DQG SURFHVVLQJ WHFKQLTXHV 6LPLODUO\ ODVHU
DVVLVWHG QDQRLPSULQW OLWKRJUDSK\ /$1 XWLOL]HV D VLQJOH
H[FLPHU ODVHU SXOVH WR PHOW WKH SRO\PHU 7KHQ D IXVHG
TXDUW] PROG LV XVHG WR SDWWHUQ WKH QDQRVWUXFWXUHV 7KLV
WHFKQLTXHFDQEHXVHGLQSDWWHUQLQJYDULRXVSRO\PHUILOPV
RQ D 6L RU TXDUW] VXEVWUDWH ZLWK KLJK ILGHOLW\ RYHU WKH
HQWLUH PROG DUHD 8VLQJ /$1 WHFKQLTXH WKH LPSULQWLQJ
WLPHFRXOGEHOHVVWKDQQV7KHKHDWLQJDQGH[SDQVLRQ
RIWKHVXEVWUDWHDQGPROGFDQDOVREHUHGXFHGVLJQLILFDQWO\
VR WKDW EHWWHURYHUOD\ DOLJQPHQW EHWZHHQ WKH WZR FDQ EH
DFKLHYHG
(OHFWURFKHPLFDO QDQRLPSULQWLQJ LV D UHVLVWOHVV
DSSURDFK WKDW XVHV D PROG IDEULFDWHG IURP D VXSHULRQLF
FRQGXFWRU ,Q WKLV SURFHVV D YROWDJH LV DSSOLHG EHWZHHQ
WKHPROGDQGWKHWDUJHWVXEVWUDWH2QFHWKHVXUIDFHVRIWKH
PROG DUH LQ FRQWDFW ZLWK WKH VXEVWUDWH D FXUUHQW IORZV
EHWZHHQWKHP7KHVWURQJHOHFWULFIOX[IURPWKHSURWUXVLYH
SDUWVRIWKHPROGWRWKHVXEVWUDWHUHVXOWVDQRGLFR[LGDWLRQ
RI WKH VXEVWUDWH VXUIDFH FRUUHVSRQGLQJ WR WKH SURWUXVLYH
SDUWV RI WKH PROG ZLWK WKH PRLVWXUH SUHVHQW EHWZHHQ WKH
PROG DQG WKH VXEVWUDWH 6XEVHTXHQWO\ WKH VXEVWUDWH LV
HWFKHGWRDFKLHYHWKHQDQRVWUXFWXUHVOLNHRWKHUPHWKRGV
1,/ LV WKH H[WUHPHO\ VLPSOH SURFHVV DQG RIIHUV D
SURPLVLQJ ORZ FRVW DOWHUQDWLYH OLWKRJUDSK\ WHFKQRORJ\
ZLWKVRPHRWKHUDGYDQWDJHVVXFKDVKLJKUHVROXWLRQ&'8
DQG VPDOOHU /(5 1HYHUWKHOHVV VRPH FKDOOHQJHV KDYH
SURKLELWHG1,/IURPEHLQJDGRSWHGRQDODUJHUVFDOHVXFK
DV GHIHFWLYLW\ FRQWDPLQDWLRQ WKURXJKSXW DQG RYHUOD\
LVVXHV 5HFHQWO\ VLJQLILFDQW LPSURYHPHQW LQ WKH GHIHFW
UHGXFWLRQRQWHPSODWHVKDYHEHHQUHSRUWHG>@,WKDV
EHHQ UHYHDOHG WKDW RYHUDOO SURFHVV GHIHFWLYLW\ KDV EHHQ
OHVVHQHGE\WZRRUGHUVRIPDJQLWXGHWRGHIHFWVSHUFP
>@$QRWKHUNH\ LVVXHRI1,/ WKDWVKRXOGEHUHDOL]HGLV
QDQRGHIHFW PDQDJHPHQW 1'0 WHFKQRORJ\ ZKLFK
LQFOXGHV GHIHFW LQVSHFWLRQ RI WHPSODWHV DQG LPSULQWHG
ZDIHU WKH UHVLVW PDWHULDO LQQRYDWLRQ DQG WKH GHIHFW
PLWLJDWLRQ 7KHVH SUREOHPV FDQ EH PLWLJDWHG WKURXJK
LQWHQVLYHFROODERUDWLRQZLWKYDULRXVSURYLGHUV0RUHRYHU
VXEVWDQWLDO VWXGLHV DUH UHTXLUHG RQ SRVW HWFKLQJ UHVLVW
GHIHFWVDQGUHVLVWSDWWHUQHWFKLQJ UHVLVWDQFHXQGHUVXE
QP QRGH >@ 2YHUOD\ LPSURYHG E\ D IDFWRU RI HLJKW LQ
VHYHUDO \HDUV DQG EHWWHU WKDQ  QP  ı KDYH EHHQ
GHPRQVWUDWHG >@ 2QH RI WKH PDMRU LQIOXHQFHV RI 1,/
WHFKQRORJ\ LV WKH FDSDELOLW\ RI ODUJH DUHD SULQWLQJ /DUJH
DUHD SDWWHUQLQJ ZLWK KLJK GHQVLW\ DQG KLJK ILGHOLW\ KDYH
EHHQ UHSRUWHG LQ WKH HDUOLHU UHSRUWV >@ ,W KDV EHHQ
UHSRUWHG WKDW WKURXJKSXW SHU LPSULQW VWDWLRQ LPSURYHG
ILYHIROG WR  ZDIHUV SHU KRXU >@ )RU KLJK UHVROXWLRQ
ODUJH DUHD SDWWHUQLQJ UROOW\SH 891,/ SURFHVV ZLWK D
IOH[LEOH WUDQVSDUHQW WKLQ VWDPS KDV EHHQ SURSRVHG >@
/DVW IHZ \HDUV VLJQLILFDQW GHYHORSPHQW RI D KLJKVSHHG
DQG ODUJHDUHD UROOWRUROO 575 DQG UROOWRSODWH 573
1,/ DSSDUDWXV IRU ODUJH DUHD SDWWHUQLQJ RI IOH[LEOH
VXEVWUDWHVKDYHEHHQGHPRQVWUDWHG>@7KHHIIHFWRI
WKH LPSULQWLQJ SDUDPHWHUV VXFK DV WHPSHUDWXUH ORDGLQJ
IRUFHDVSHFW UDWLRDQG LPSULQWLQJYHORFLW\RQ IRUPDELOLW\
QHHGWREHUHDOL]HG,QDGGLWLRQLWLVQHFHVVDU\WRRSWLPL]H
WKH HWFKLQJ SURFHVV FDUHIXOO\ IRU KLJK UHVROXWLRQ UHSOLFD
IDEULFDWLRQ 7R DFFHOHUDWH WKLV WHFKQRORJ\ DGRSWLRQ
UHFHQWO\&($/HWLDQG(9*URXSLQLWLDWHGDQHZSURJUDP
FDOOHG,163,5(WRGLYHUVLI\WKH1,/DSSOLFDWLRQVEH\RQG
VHPLFRQGXFWRUV >@ &DQRQ DOVR GHVLJQV QDQRLPSULQW
OLWKRJUDSK\WRROVE\FROODERUDWLQJZLWKRWKHUYHQGRUVDQG
WKHHQGXVHUV >@1HYHUWKHOHVV1,/FRXOGRIIHU LWV'
SDWWHUQLQJ FDSDELOLW\ IRU WKH DGYDQFHPHQW RI ' FKLS
WHFKQRORJ\ %HFDXVH RI LWV IOH[LELOLW\ DQG DELOLW\ WR
FRPELQH ZLWK RWKHU WHFKQLTXHV LW KDV FUHDWHG KXJH




DVVHPEO\¶ &KHPRHSLWD[\ DQG µJUDSKRHSLWD[\¶  ,Q
HSLWD[LDO VHOIDVVHPEO\ GHQVH FKHPLFDO SDWWHUQV DUH
HPSOR\HG WR GLUHFW EORFN FRSRO\PHU %&3 VHOI
DVVHPEO\+LJKO\RUGHUHGQDQRSDWWHUQVFDQEHDFKLHYHGLI
WKHSHULRGRIWKHVXUIDFHFKHPLFDOSDWWHUQLVSURSRUWLRQDWH
ZLWK WKH HTXLOLEULXP SHULRG RI WKH %&3 VHOIDVVHPEOHG
QDQRVWUXFWXUH *UDSKRHSLWD[\ JXLGHV SDWWHUQLQJ E\
WRSRJUDSKLFDOJHRPHWU\IRU'6$7KHVHOHFWLYHZHWWLQJRI
D %&3 FRPSRQHQW DW WKH WUHQFK VLGH ZDOOV HQIRUFHV WKH
ODWHUDO RUGHULQJ RI WKH VHOIDVVHPEOHG %&3 QDQRGRPDLQV
DORQJ WKH WUHQFKHV7KXV LW LPSURYHV WKH SDWWHUQ GHQVLW\
E\ VXEGLYLGLQJ WKH WRSRJUDSKLFDO SUHSDWWHUQ )LJXUH 
SUHVHQWV WKH VFKHPDWLF LOOXVWUDWLRQ RI WKH WZR SURFHVVHV
>@
3DWWHUQ GHIHFWV LV RQH RI WKH FULWLFDO LVVXHV WR DGRSW
'6$ WHFKQRORJ\ RQ VHPLFRQGXFWRU PDQXIDFWXULQJ
0LVVLQJ DQG EULGJH KROH DUH WKH W\SLFDO GHIHFW W\SHV RI
'6$ KROHV LQ SK\VLFDO JXLGH 5HVHDUFKHUV DUH DOVR
IRFXVLQJRQUHFRJQL]LQJWKHIDFWRUVWKDWDUHUHVSRQVLEOHIRU
WKH DVVHPEO\ GHIHFWV GLVORFDWLRQV DQG OLQHSHULRG
EULGJHV+3DWKDQJLHWDOSUHVHQWHGWKHQPKDOISLWFK
'6$ OLQHVSDFH SDWWHUQLQJ LQWR WKH 6L VXEVWUDWH ZLWK
UHGXFHG GHIHFWLYLW\ >@ 0RUHRYHU WR LPSURYH SDWWHUQ
TXDOLW\ VRPH H[SHULPHQWV KDYH EHHQ SHUIRUPHG RQ
YDULRXV HWFK PDVN PDWHULDOV DQG HWFK SURFHVV FRQGLWLRQV
>@/(5LVDQRWKHUFKDOOHQJHRI'6$OLQHSDWWHUQV)RU
+90LQGXVWULHVWKH/(5QXPEHUVKRXOGEHDERXWRI
WKH WDUJHW FULWLFDO GLPHQVLRQ &' 6RPH PHWKRGV KDYH
EHHQ SURSRVHG WR LPSURYH WKH /(5 JHQHUDWHG E\ 36E
300$%&3>@$QRWKHU LVVXHRI'6$RI%&3V LV WKH
SDWWHUQ GHQVLW\ 6RPH SDWWHUQ GHQVLW\ HQKDQFHPHQW
DSSURDFKHV KDYH EHHQ SURSRVHG LQFOXGLQJ µWKHUPDO IORZ
SURFHVV¶µOLIWRIISURFHVV¶DQGµSDWWHUQWULPPLQJSURFHVV¶
>@%\XWLOL]LQJDORZWRSRJUDSK\UHVLVWSUHSDWWHUQa
WHUDGRWLQ GRW DUUD\V ZLWK ORQJUDQJH RUGHU KDYH EHHQ
GHPRQVWUDWHG >@ +LJKO\ RUGHUHG SDWWHUQV XVLQJ 36E
3'06KDYHEHHQUHSRUWHGLQVRPHSXEOLFDWLRQV>@
'6$FDQDOVRLQWHJUDWHVERWWRPXSVHOIDVVHPEO\ZLWK
WRSGRZQ FRQYHQWLRQDO OLWKRJUDSK\ 7KH SUREDEOH
LQWHJUDWLRQRI'6$ZLWK$U)LPPHUVLRQSKRWROLWKRJUDSK\
IRU  QP OLQHVSDFH '5$0 SURFHVV VFKHGXOHG LQ 
>@ 6 0RULWD HW DO GHVFULEHG D ORZFRVW OLWKRJUDSK\
SURFHVV IRU PDNLQJ VXE QP SDWWHUQ XVLQJ '6$ RQ
QDQRLPSULQWLQJJXLGH>@'HYHORSPHQWRI VHYHUDOQHZ
SURFHVVHV KDYH EHHQ UHSRUWHG VXFK DV &+,36 ÀRZ >@
/L1H SURFHVV >@ 60$5770 SURFHVV >@ DQG &22/
SURFHVV>@5HFHQWO\VHYHUDODSSOLFDWLRQILHOGVIRU'6$
RWKHU WKDQ VHPLFRQGXFWRU GHYLFH SURFHVV VXFK DV
IOH[LEOHWUDQVIHUDEOH'6$WHFKQRORJ\XWLOL]LQJFKHPLFDOO\
PRGLILHG JUDSKHQH &0* KDV EHHQ GHPRQVWUDWHG >
@+RZHYHUIXUWKHUUHVHDUFKZLOOEHUHTXLUHGRQSHUIHFW
GHIHFW FRQWURO HIIHFWLYH SDWWHUQ WUDQVIHU DQG
QRQSODQDUIOH[LEOH QDQRSDWWHUQLQJ WR PDNH '6$ FDSDEOH
RI YDULRXV FRPPHUFLDO GHYLFH PDQXIDFWXULQJ DV D QH[W
JHQHUDWLRQOLWKRJUDSK\VROXWLRQ
9,, &21&/86,21
)RU PDQ\ \HDUV QDQROLWKRJUDSK\ WHFKQRORJ\ KDV
FRQWULEXWHG WR WKH DGYDQFH LQ WKH QDQRPDQXIDFWXULQJ
LQGXVWU\DQG LV LQIOXHQFLQJ WKH IXWXUHRIQDQRVFLHQFHDQG
WHFKQRORJ\ 7KURXJK WKLV DUWLFOH DQ RYHUDOO YLHZ RI WKH
SRWHQWLDOQH[WJHQHUDWLRQOLWKRJUDSK\WHFKQLTXHVKDVEHHQ
SURYLGHG'HVSLWHRI WKHKXJH ODERUDWRU\DQGFRPPHUFLDO
VXFFHVV WKH\ DUH VWLOO VXIIHULQJ IURP YDULRXV FKDOOHQJHV
DQG VRPH RI WKH NH\ FKDOOHQJHV KDYH EHHQ GLVFXVVHG LQ
WKLVDUWLFOH)LQDOO\LWFDQEHVDLGWKDWWKHDGYDQFHPHQWLQ
QDQRIDEULFDWLRQ WHFKQLTXHV LV OHDGLQJ WR WHFKQRORJ\
UHYROXWLRQVLQDEURDGDUHDRIDSSOLFDWLRQV
5()(5(1&(6
>@ - 0XONHQV HW DO ³2YHUOD\ DQG HGJH SODFHPHQW FRQWUROVWUDWHJLHV IRU WKH QP QRGH XVLQJ (89 DQG $U)OLWKRJUDSK\´3URF63,(4
>@ '=3DQ//LHEPDQQ%<X;;XDQG</LQ³3XVKLQJPXOWLSOHSDWWHUQLQJLQVXEQPDUHZHUHDG\"´,Q3URFRI WKH QG DQQXDO GHVLJQ DXWRPDWLRQ FRQIHUHQFH S 
>@ ,QWHUQDWLRQDO 7HFKQRORJ\ 5RDGPDS IRU 6HPLFRQGXFWRUV,756(GLWLRQ
>@ %7XUNRWHWDO³(89SURJUHVVWRZDUG+90UHDGLQHVV´3URF63,(
>@ &KULVWLDQ:DJQHUDQG1RUHHQ+DUQHG³(89OLWKRJUDSK\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